Benzyl (R)-5-(aminooxy)-2-(((benzyloxy)carbonyl)amino)pentanoate (3).
To a solution of compound 2a (2.49 g, 4.9 mmol) in dichloromethane (60 mL) was added methylhydrazine (7.44 mmol, 392µL) at 0 o C and stirred at 0 o C for 1hr. After completion of the reaction (as monitored by TLC), the reraction mixture was passed through celite bed and filterate was evaporated to dryness under reduced pressure and subjected to flash column chromatography (FC) to give compound 3 (1.65 g, 89%)as a colourless solid. 
Benzyl (R)-2-(((benzyloxy)carbonyl)amino)-5-(((ter-butoxycarbonyl)amino)oxy)pentanoate (3a)
. To a solution of compound 3 (100 mg, 0.26 mmol) in dry THF (16 mL) was added triethylamine (54 mg, 0.52 mmol) and di-tert-butyl dicarbonate (116 mg, 0.52 mmol) and the reaction mixture was stirred at room temperature for 3hr. After completion of the reaction (as monitored by TLC), the mixture was evaporated to dryness under reduced pressure and subjected to flash column chromatography (FC) to
give compound 3a (90 mg, 72%) as a colourless oil. TLC (silica gel, EtOAc/Hexanes, 70:30) R f 0. 
(R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-(((tert-butoxycarbonyl)amino)oxy)pentanoic acid (4).
A solution of compound 3a (0.6 g, 1.27 mmol) in methanol (10 ml) at room temperature was stirred with 10% Pd/C (0.270 g, 2.53 mmol) under 1 atm H 2 for 2 hr. The Pd/C was removed by filteration and filtrate was concentrated. The residue was dissolved in dioxane/water mixture (1:1, v/v, 10 ml). To this solution was added 9-fluorenylmethylsuccinimidyl carbonate (FmocOsu) (0.51g, 1.51 mmol) and NaHOC 3 (0.23 g, 2.75 mmol) and stirred for overnight at room temperature. The reacion mixture was further acidified to pH 3-4 by addition of 1N HCl. After neutralization, the reaction solution was extracted with ethyl acetate (3x 30 ml) and the combined organic extracts were washed with water (30 ml) and brine (30 ml) and dried over anhydrous Na 2 SO 4 and evaporated to dryness under reduced pressure. 
S3. DPC formation between 5fdC containing DNA-1 and peptides.
Synthetic 12-mer oligodeoxynucleotides containing 5fdC (Table 1 , 250 pmol) were radiolabeled by incubating with γ-32 P ATP (1 μL, PerkinElmer Life Sciences, Boston, MA) and T4 PNK (20 units) in 20 μL 1× T4 PNK buffer (New England Biolabs, Beverly, MA) at 37 °C for 1 h. The reaction mixture was heated at 65 °C for 10 min to inactivate the enzyme and then filtered through an illustra MicroSpin G-25 column (GE Healthcare, Pittsburgh, PA) to get rid of excess γ-32 P ATP. 12-mer oligodeoxynucleotides containing 5fC, (3 pmol) were incubated with 100-fold molar excess of individual polypeptides 1-4 (300 pmol, Table   1 ) in 20 μL ammonium acetate buffer (100 mM, pH 4.5) containing 100mM aniline at 37 °C overnight (~16 h). The reaction mixture was then heated to 90 °C for 10 minutes before loading on geland followed by analysis by denaturing 20% (w/v) PAGE containing 7 M urea. The gel was run at 300 V in 1X
TBE buffer until the xylene cyanol band migrated to the bottom (~ 2.5 h). The radiolabeled DNA strands and DPCs were detected with a Typhoon FLA 7000 instrument (GE Healthcare, Pittsburgh, PA) and quantified using ImageQuant TL 8.0 (GE Healthcare, Pittsburgh, PA) ( Table 1) .
S4
. DPC formation between 7-oxoethyl-7-deaza-dG containing DNA and peptides.
Synthetic 23-mer oligodeoxynucleotides containing 7-dihydroxypropyl-7-deaza DNA (Table 1, NaIO 4 for 6h at 4 °C in 15mM sodium phosphate buffer pH 5.6 in dark conditions and then quenched with 100mM Na 2 SO 3 to obtain the 7-oxoethyl-7-deaza-dG containing DNA. 7-oxoethyl-7-deaza-dG containing DNA (3 pmol) was further incubated with 100-fold molar excess of individual polypeptides Pep 1-4 (300 pmol, Table 1 ) in 20 μL phosphate buffer (15 mM, pH 5.6) at 37 °C overnight (~16 h). The reaction mixture was then heated to 90 °C for 10 minutes before loading on gel and followed by analysis by denaturing 20% (w/v) PAGE containing 7 M urea. The gel was run at 300 V in 1X TBE buffer until the xylene cyanol band migrated to the bottom (~ 2.5 h). The radiolabeled DNA strands and DPCs were detected with a Typhoon FLA 7000 instrument (GE Healthcare, Pittsburgh, PA) and quantified using ImageQuant TL 8.0 (GE Healthcare, Pittsburgh, PA) ( Table 1 ).
S5. Synthesis and characterization of 5-formyl-dC cross-linked to Pep-4.
Nucleoside-peptide conjugate was prepared by incubating 5-formyl-dC (16 nmol) with 11-mer peptide (3 nmol, Table 1 
S6. Expression and purification of VHH7
The pHEN6 plasmid was generously provided by Dr. Mohammad Rashidian from Dr. Hidde Ploegh's lab at MIT. The gene encoding VHH7 with C-terminal LPETGGHHHHHHGCVIA sequence (VHH7) was synthesized and cloned into the pHEN6 plasmid by DNA 2.0, Inc. The pelB signal sequence was also attached to the protein for periplasmic expression. The confirmed plasmid was transformed (heat shock, 45 s at 42 °C) into E.coli WK6 for protein expression. The expression and purification procedure was adopted from an online protocol with some modification. A single colony was used to inoculate 50 mL LB media containing 100 μg/mL ampicillin. The flask was incubated at 37 °C overnight with shaking at 250 rmp. After overnight incubation, 10 mL of the dense culture was added to 1 L LB media with 100 μg/mL ampicillin. The culture was incubated at 37 °C with shaking at 250 rpm until OD 600 of 0.6 was reached. To induce protein expression, 1 mM IPTG was added and the culture was incubated at 30 °C overnight with shaking at 180 rpm. After expression, cells were collected by centrifugation at 8,000 g for 10 min at 4 °C.
To extract VHH7 from periplasm, the cell pellet was resuspended and incubated in 150 mL TES buffer (200 mM Tris, 0.5 mM EDTA, 500 mM sucrose, pH 8.0) at 4 °C with slow shaking. After 1 h, 300 mL of 4x diluted TES buffer was added to the solution and the flask was incubated at 4 °C overnight with slow shaking. Supernatant was obtained by centrifugation at 13,000 g for 30 min at 4 °C. Ni-NTA column was employed to purify the VHH7 protein from the collected supernatant. Briefly, Ni-NTA column was first equilibrated with buffer containing PBS and 10 mM imidazole. The supernatant was then loaded to the column, followed by extensive washing with buffer containing PBS and 20 mM imidazole. VHH7 protein was eluted with elution buffer containing PBS and 250 mM imidazole. Fractions were collected from the column and their absorbance at 280 nm was tested. The fractions with Abs 280 higher than 0.1 were combined and concentrated. Buffer-exchange was performed using Amicon filters (Millipore, 3k cut-off) with PBS. Glycerol was added to a final concentration of 20% and the protein solution was stored in -80 °C freezer. SDS-PAGE was used to characterize the purity of the protein and Bradford assay was employed to determine protein concentration.
VHH7 sequence
DNA sequence
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S7. Sortase A mediated ligation of peptide into protein.
Sortase A catalyzed reactions were performed in the buffer containing: 50 mM Tris·HCl, pH 7.5, 10 mM CaCl 2 , 200 mM NaCl, 1 mM Pep-4, 100 μM VHH7 protein and 10 μM sortase A. After incubation at 4 °C for 2 h, Ni-NTA resin was added to the reaction mixture to remove sortase and unreacted VHH7 protein.
The solution was centrifuged and the supernatant was collected. Buffer exchange was performed five times with Amicon filters (3k cut-off) using 100 mM NH 4 OAc with 400 mM NaCl, pH 4.5. The modified protein was stored at 4 °C for future usage.
S8. DPC formation between 5fdC containing DNA-1 and oxy-Lys conatining VHH protein.
Synthetic 12-mer oligodeoxynucleotides containing 5fdC (Table 1, to remove excess of γ-32 P ATP. 12-mer oligodeoxynucleotide containing 5fdC DNA-1 (3 pmol) was incubated with 100-fold molar excess of VHH-2 protein (300 pmol) in 20 μL ammonium acetate buffer containing aniline (100 mM, pH 4.5) at 37 °C overnight (~16 h). The reaction mixture was dried and then reconstituted in gel loading buffer (20 mM EDTA in 95% formamide containing 0.05% bromophenol blue and xylene cyanol), and followed by analysis by denaturing 20% (w/v) PAGE containing 7 M urea heating 10-15 min at 90 °C before loading onto the gel. The gel was run at 300 V in 1X TBE buffer until the xylene cyanol band migrated to the bottom (~ 2.5 h). The radiolabeled DNA strands and DPCs were detected with a Typhoon FLA 7000 instrument (GE Healthcare, Pittsburgh, PA) and quantified using ImageQuant TL 8.0 (GE Healthcare, Pittsburgh, PA). Identical procedure was employed for other reactions containing VHH-1 and DNA-3 (unmodified 12-mer DNA identical to DNA-1 except the 5-fdC modification) as well.
S9. Identification of the amino acids participating in DNA-protein cross-links.
12-mer oligodoxynucleotide containing 5fdC (300 pmol, Table 1 , DNA-1) was cross-linked to fusion protein VHH-2 (600 pmol, 2-fold molar excess) in 100 mM ammonium acetate in aniline buffer as described above. The reaction mixtures were purified by 4-12% SDS PAGE and stained with SimplyBlue stain. The DPC-containing gel bands were diced into 1 mm cubes, subjected to DTT reduction for 20 min at 50 °C (25 mM ammonium bicarbonate, 10 mM DTT at pH 7.9), and alkylated with saturated 
